Abstract: A three-step method for the identification of the main sources of fecal coliforms (FC) in urban waters and for the analysis of remedial actions is proposed. The method is based on (1) The statistical analysis of the relationship between rainfall and FC concentrations in urban rivers; (2) The simulation of hydrology and hydraulics; and (3) Scenario analysis. The proposed method was applied to the Beauport River watershed, in Canada, covering an area of 28.7 km 2 . FC loads and concentrations in the river, during and following rainfall events, were computed using the Storm Water Management Model (SWMM) hydrological/hydraulic simulation model combined with event mean concentrations. It was found that combined sewer overflows (CSOs) are the main FC sources, and that FC from stormwater runoff could still impair recreational activities in the Beauport River even if retention tanks were built to contain CSOs. Thus, intervention measures should be applied in order to reduce the concentration of FC in stormwater outfalls. The proposed method could be applied to water quality components other than FC, provided that they are present in stormwater runoff and/or CSOs, and that the time of concentration of the watershed is significantly lower than their persistence in urban waters.
Introduction
Fecal coliforms (FC) in urban waters are indicators of recent fecal contamination, and thus of a potential pathogen contamination [1] . This is why FC concentrations are often used in water quality standards for recreational activities, such as bathing, canoeing and fishing, especially since they are relatively easy to monitor. Sources of FC in urban areas are numerous and often difficult to track [1] . For example, point sources include wastewater treatment plant effluents and combined sewer overflows (CSOs), while nonpoint sources include stormwater runoff. Nonpoint sources have been demonstrated to be more important sources of contamination than point sources in many studies conducted in urban areas (e.g., [1] ). Indeed, high concentrations of FC can be found in stormwater runoff [2] [3] [4] [5] .
Due to the numerous and varied potential FC sources in urban areas, modeling is useful to identify the main origins of FC contamination in urban watercourses before the proposal of remedial actions. Many different mathematical models exist to simulate water quality in urban areas. Some are based on linear regressions and correlations with explanatory variables [6] [7] [8] , while others are less difficult to apply, like the Schueler's simple method [9] or the annual load method proposed by Shaver et al. [10] . Other models are based on the simulation of hydrology and hydraulics, such as DR3M-QUAL (Multi-Event Urban Runoff Quality Model) [11] , HSPF (Hydrological Simulation Program-Fortran) [12] , MIKE [13] , HEC-RAS (Hydrologic Engineering Centers River Analysis System) [14] and SWMM (Storm Water Management Model) [15] . With these models, water quality can be estimated by specific build-up/wash-off models, or by event mean concentrations (EMC).
Modeling studies focusing on the estimation of FC are less common than for other pollutants. Studies on the estimation of FC include Servais et al. [16] , Bougeard et al. [17] , Manache and Melching [18] , Smith [19] and ADEC [20] . Recently, McCarthy et al. [21] developed a model designed specifically for the simulation of microorganisms in urban stormwater (Micro-Organism Prediction in Urban Stormwater (MOPUS)).
In this paper, we propose a three-step method for the identification and quantification of the main FC sources in urban areas and for the analysis of remedial actions, based on the simulation of hydrology and hydraulics. The three steps include preliminary statistical analysis, computation of FC loads from various potential sources and analysis of remedial scenarios. The methodology is applied, as an example, to the Beauport River watershed (Canada) , an urban watershed where high FC concentrations often impair aquatic recreational activities.
Materials and Methods

Study Area
The Beauport River watershed is located in the Quebec City region (Canada) and covers an area of 28.7 km². The Beauport River flows through the watershed over a length of 22 km. The outlet of the river is situated in the Beauport Bay, a favored location for swimming and other secondary contact activities, such as fishing, kite surfing and kayaking. The area is divided into five large occupational classes: Residential, commercial, industrial, agricultural and undeveloped, which represent, respectively, 51%, 2%, 6%, 4% and 36% of the total area, as shown in Figure 1 Two types of drainage networks exist in the watershed. First, from the upstream to the center of the watershed, runoff is drained trough ditches and stormwater pipes that conduct flow to various watercourses, among which the Beauport River is the principal. Fifteen retention basins are located in this area of the watershed. Second, in the downstream part of the watershed (i.e., in the subwatersheds illustrated in blue and green in Figure 2 ), runoff is drained through combined sewer pipes. Combined sewer overflows (CSOs) can occur in this area during rainfall, as detailed in Section 2.2.2. Separate (hollow) and combined (colored) subcatchments superposed with the location of the rain gauge, the river gauging station, the water quality sampling site and the combined sewer overflows (U051 and U057).
Available Data
Fecal Coliform Concentrations
Since water-related activities in the Quebec region occur mainly during the summer period, FC concentrations are tracked in the Beauport River from May to August. Data from 2008 to 2011 were analyzed. In Quebec, quality standards for FC are 200 CFU/100 mL for bathing and 1000 CFU/100 mL for secondary contact activities [22] . Measurements of FC concentrations were provided by the Quebec City's Environmental Services department. A total of 148 daily measurements were available for the four years analyzed. The dispersion of measurements is represented in Figure 3 in the form of boxplots. All of the concentration medians were below the 1000 CFU/100 mL standard, for secondary contact activities. However, we observed a high variability in concentrations for a given year. From these four, only two overflowed during rainy periods in the monitored period, namely unit U051 and unit U057. The structure U051 tends to overflow less often than the structure U057. In fact, by applying the Schroeder's method [24] , the critical daily rainfall height causing overflow is 1.4 mm for U057 and 4.4 mm for U051. The SOMAE database lists the date and duration of each CSO. No information on CSO volume or discharge is recorded in the database. Consequently, as specified in the next section, it was necessary to estimate the overflow volumes by simulation. The number of CSOs recorded at each facility is presented in Table 1 . 
Preliminary Statistical Analysis
To verify if a relationship existed between rainfall and FC concentrations in the Beauport River watershed, concentration data were divided into groups according to the total rainfall observed on the same day (day0) as the FC measurement, the day before (day−1) and two days before (day−2). An ANOVA test was performed to compare the geometric mean (GM) of FC concentrations observed on days with rainfall and without rainfall, at day0, day−1 and day−2. Days with and without rainfall were defined using two different thresholds, which are 0.1 and 5 mm. This means that, in a first analysis, days during which less than 0.1 mm of rainfall was recorded were considered without rainfall and, in second analysis, days were considered without rainfall if less than 5 mm of rainfall was recorded.
Comparison of Load Estimation Methods
FC loads coming from the Beauport River subwatersheds were computed using two different methods, namely the simple method and a method based on the simulation of hydrology and hydraulics. The first method, as stated by its name, has the advantage of being very simple to apply, but cannot be used in the area drained by a combined sewer network. Indeed, in this kind of network, a part of runoff is drained to the wastewater treatment plant, and this cannot be taken into account by the simple method. Also, as opposed to the second method, the simple method cannot be used to assess the impact of various intervention scenarios on the FC loads discharged to the Beauport River. For both methods, the fecal coliform loads were computed for the summer period, from 1 May to 31 August, for the four years under study.
The simple method (developed by Schueler [9] and also used, among others, by the Center for Watershed Protection [25] ) provides and estimation of the order of magnitude of the pollutant loads produced by rainfall runoff in an urban area over a year. The total load for a given pollutant is computed using:
In the work presented here, the annual runoff (R) was assessed with:
where: P = annual precipitation (L); RC = runoff coefficient.
The RC values vary according to land use. For the Beauport River watershed, the values proposed by Brière [26] were used (see Table 3 ). Table 3 . Runoff coefficients applied to the Beauport River watershed (from [26] As for the second method, the water volumes discharged to the river, from the separated and combined sewer networks, were computed using the USEPA SWMM model [15] . For both methods, loads were then estimated by multiplying the discharged water volumes by the event mean concentrations (EMC) presented in Table 4 . For the stormwater outfalls, the selected EMCs are the median values proposed in [27] , except for the agricultural land use. For this land use as well as for the CSOs, the EMCs are the mean order of magnitudes issued from a broad literature review, including [27] [28] [29] [30] [31] [32] [33] . SWMM is a dynamic rainfall-runoff simulation model used for single events or long-term continuous simulation of runoff quantity and quality, primarily from urban areas. For the purpose of this study, the separate stormwater and combined sewer systems were modeled distinctly. Both of these SWMM models were previously calibrated and validated by the Quebec City's Engineering Services department [34, 35] . Some minor adjustments have also been brought to the models by the authors. More details are given in Section 3.2.
Both SWMM models solve the St-Venant's equations by dynamic wave routing and use Horton's formula for infiltration. The different parameters of the models, established by the Quebec City's Engineering Services department [34, 35] , are listed in Tables 5 and 6 . 
Analysis of Scenarios
The objective of this analysis was to identify more efficient intervention methods to reduce the FC loads discharged to the Beauport River during and after rainfall events. To do so, the discharged FC loads were simulated according to six different scenarios, described below, for the 26 July 2011 rainfall event (from 0:00 to 23:55). Simulation of one day instead of a whole season allowed for a more precise analysis of the impacts of each scenario on the discharged FC loads, and the FC concentrations in the Beauport River. On 26 July 2011, a total of 33.9 mm of rainfall was recorded, with a maximal 5-min intensity of 25.2 mm/h (see hyetograph in Figure 4 ). This event was chosen as it was the 21st in importance, in terms of total runoff as simulated with SWMM, for the 2008 to 2011 summers. This means that there were, on average, five events each summer that provided more FC loads to the Beauport River than the 26 July 2011 event. 
Results and Discussion
Preliminary Statistical Analysis
Results of the ANOVA tests comparing the FC concentrations in the Beauport River for days with and without rainfall (for the day of FC measurement, day0, the day before the measurement, day−1, or two days before the measurement, day−2) are presented in Table 7 . The ANOVA test confirmed that the geometric mean (GM) of FC concentrations observed on days with rainfall was significantly different from those observed during days without rainfall (day0). Also, the GM of FC concentrations were different between days with and without rain the day before (day−1). However, this difference was not observed for day−2. These analyses demonstrate the influence of rainfall on the FC concentrations in the Beauport River (influence that is still noticeable up to one day after the rainfall occurred). This demonstrates that runoff has a major influence on FC concentrations in the river and supports the comparison of FC loads for different scenarios using a hydrological/hydraulic model conceived for the simulation of the rainfall-runoff processes (such as SWMM in our case).
Calibration of the SWMM Models
As stated previously, the SWMM models were previously calibrated by the Quebec City's Engineering Services department and afterwards slightly modified by the authors. Some partial results are presented here; more details can be found in [34, 35, 37] .
Calibration of the Model for the Separate Stormwater System
To calibrate this model, flow rates were measured at four points in the separate sewer system and at two points in the river, from 17 August to 31 October 2009. Data from the CEHQ river gauging station (shown in Figure 2 ) were also used for calibration and validation of the model. Four rainfall events were selected to calibrate the model. Figure 5 shows an example of calibration results for a measuring point located in the separate sewer system. Since the SWMM model was conceived, calibrated and validated specifically for the modeling of urban runoff drainage, a base flow was added in the river by the authors in order to take into account the contribution of groundwater flow and headwater lakes. River flows simulated by the model were then compared to river flows measured at the CEHQ river gauging station using the Nash-Sutcliffe coefficient [38] :
where: Oi = observation at time step i; Si = simulated value at time step i; O = mean value of all observations; n = total number of time steps (NS may vary from −∞ to 1 and is considered better when it gets closer to 1). Results of this comparison are summarized in Table 8 . 
Calibration of the Model for the Combined Sewer System
As detailed in [34] , the combined system model was calibrated based on flow rate measurement at 19 points in the sewer system from 29 May to 27 August 2009. Figure 6 shows an example of validation results. The average absolute difference between simulated and observed flow at the 19 measurement points during the summer of 2009 was 18%. However, for the purpose of the analysis presented here, the model output that should be better calibrated is the total volume of CSOs that is discharged to the river. Consequently, some water level thresholds triggering overflows in the model were adjusted by the authors in order to match as closely as possible the number of simulated CSOs with the number of observed CSOs (recall that the volumes of CSOs were not recorded). Results are presented in Table 9 . Note: * Errors are suspected in the number of observed overflows for the summer of 2011 based on a comparison with observed rainfall (see Table 1 ).
Comparison of Load Estimation Methods
The FC loads discharged to the Beauport River from the subwatersheds drained by the combined and separated sewer networks, as computed with the hydrologic/hydraulic simulation model, are illustrated in Figure 7 . In this figure, it can be seen that the estimated contributions of the separate stormwater systems varied between 6.0 × 10 As stated before, the Schueler's simple method [9] cannot be used in areas drained by a combined sewer network. Consequently, the loads evaluated by the two evaluation methods were compared only for the most upstream subwatersheds (illustrated in white in Figure 2 and covering a total area of 25.5 km²). Results of this comparison are given in Table 10 . Results in the previous table show that the FC loads estimated by the two methods are of the same order of magnitude. The simple method overestimates the loads by a factor of about 2.5 as compared with the hydrological/hydraulic modeling method (meaning that the runoff was overestimated in the simple method since the same EMCs were used with both methods). This demonstrates that the simple method is appropriate for a rapid estimation of the FC loads discharged by an urban drainage stormwater network. Indeed, one should recall that FC concentrations in urban waters commonly vary by many orders of magnitudes, and thus the computation of the same order of magnitude with the two methods is satisfactory, especially since the simple method is very easy and rapid to apply. However, the simple method cannot be used to evaluate intervention scenarios, as was done with the hydrological/hydraulic modeling method in the next section.
Analysis of Scenarios
Results presented in the previous section show that the FC discharged to the Beauport River mostly come from the combined sewer network (CSOs), but that the separate drainage network also contributes a significant quantity of FC to the river. The first step, to improve the water quality of the Beauport River to a level acceptable for recreational activities, should be the construction of retention tanks to reduce CSOs. However, this change may not be sufficient to reduce the FC concentrations below 1000 FCU/100 mL in the Beauport River during and after rainfall events. For this reason various stormwater management scenarios should be considered. In decreasing order of total FC loads discharged to the river, the scenarios are ranked as follows: (1) The status quo (S1); (2) The retention of CSOs alone (S2); (3) the reduction in imperviousness (S4); (4) The primary treatment at some stormwater outfalls (S3); (5) The optimal management of stormwater (S5); and finally, (6) the compilation of all these intervention methods (S6). The last scenario reduced the total FC loads discharged to the river by a factor of 100 as compared with the reference scenario (S1) and by a factor of 10 for the reference scenario with the construction of retention tanks for CSOs (S2).
The simulated impacts of scenarios S2 to S6 on the FC concentrations in the Beauport River are illustrated in Figure 9 . This figure shows that the compilation of all intervention methods (S6) is the only scenario to have reduced the FC concentrations below 1000 FCU/100 mL for 26 July 2011. The implementation of optimal measures for the management of stormwater combined with the construction of CSO retention tanks (S5) also reduced concentrations to near the 1000 FCU/100 mL objective. These results demonstrate that although the construction of retention tanks for CSOs would be a major improvement, it alone would not be sufficient to guarantee suitable FC concentrations in the Beauport River during and after rainfall events. Many different best management practices should be combined and implemented in the watershed in order to reduce FC concentrations, as evidenced by the reduction provided by scenario S6.
It is important to note that the estimated FC loads and concentrations for scenario S3 are probably optimistic, since a 60% removal rate is assumed for FC in the stormwater retention basins, and this removal rate has been found to be null and even negative for FC in dry stormwater retention basins by many authors (e.g., [39] ). Also, since EMCs may vary by many orders of magnitude for the same type of land use, the loads and concentrations that are estimated in this paper are subject to a high level of uncertainty and should be used only as a basis for comparisons between the various scenarios.
Conclusions
A three-step method for the identification of the main sources of fecal coliforms (FC) in urban waters and for the analysis of remedial actions was proposed. This method is based on the statistical analysis of the relationship between rainfall and FC concentrations in urban rivers, on the simulation of hydrology and hydraulics and on scenario analysis. The proposed method was applied, as an example, to the Beauport River watershed in Canada. Stormwater runoff in this watershed is drained by a separate sewer system in the upstream region and by a combined sewer system downstream. From this application we determined:
(1). In this watershed, there is a significant statistical relationship between the FC concentrations in the river and the amount of rainfall observed for the same day of the FC measurement and for the day before. (2) . Application of the Schueler's simple method [9] to the upstream part of the watershed led to seasonal FC loads of the same order of magnitude as those computed with a hydrological/hydraulic model combined with event mean concentrations (EMC). (3). Combined sewer overflows (CSOs) are the main sources of discharged FC to the river. (4) . If retention tanks were built to contain CSOs on the watershed, FC from stormwater runoff would still impair recreational activities in the Beauport River. (5). According to the scenario analysis, the major improvement that should be applied in the watershed to reduce FC concentrations in the Beauport River is the construction of retention tanks to contain CSOs (as planned by the City of Quebec). (6) . Optimal management of stormwater runoff, in order to reduce EMC at stormwater outfalls (e.g., correction of sewer cross connections, frequent road sweeping, regular cleaning of stormwater pipes, etc.) would provide the highest reduction in FC loads discharged to the river among the analyzed scenarios (including reduction of imperviousness and primary treatment at some stormwater outfalls). However, various intervention measures should be combined in order to reduce FC concentrations to a level acceptable for recreational activities in the Beauport River during and after rainfall events.
These conclusions were obtained using simulation models to compute FC loads and concentrations in the watershed. An important limit of these evaluations is that no FC concentrations were available in the Beauport River watershed other than in the river itself, in its downstream region. Consequently, EMC taken from the literature were used. Since EMC in urban runoff can vary by many orders of magnitude for the same type of land use, high uncertainties are linked to the FC loads and concentrations that were computed. Despite these uncertainties, main FC sources in the watershed could be identified, and the efficiency of various intervention measures could be compared. Installation of one or more additional monitoring stations in the river and at some stormwater outfalls would provide more accurate EMC and better estimates of the contribution of FC from stormwater runoff. The three step method proposed here could be applied with water quality components other than FC, provided that they are present in stormwater runoff and/or CSOs, and that the time of concentration of the watershed is significantly lower than their persistence in urban waters.
